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II.  Stateaent  of  the  Problea 

The  research  summarized  herein  was  aimed  at  characterization  of 
ch«  binding  site  for  Ptychodiacus  brevis  neurotoxins  in  nerve  tissues. 
To  achieve  this  objective,  we  havo  performed  the  following  tasks: 

(1]  prepared  s/naptosomoc  from  rats,  fish,  and  turtles  according 
to  established  procedures; 

[2]  determined  tho  degree  Of  toxin  FhTx-3  binding  to  each 
species  synapcosomes  using  tritiated  PbTx*3  as  specific  probe,  and  have 
determined  apparent  dissociation  constants  (K.)  and  binding  maxima 
OL^); 

“  -(3)  determine,  using  tho  rat  system,  on-  and  off-rates  of 
binding,  reversibility  of  binding,  and  binding  under  depolarizing 
conditions ; 

[/i]  determined  tho  degree  of  displacement  of  labeled  PbTx-3  by 
other  naturally -occurring  and  synthetic  derivative  of  brevetoxins  in 
each  species  synaptosomes ; 

[5]  determined  the  degree  of  displacement  of  labeled  brevetoxn 
from  its  specific  site  (Site  5)  by  natural  toxins  spocific  for  specific 
binding  sites  1-4; 

[6]  characterize  each  potential  competitor  in  terms  of 
competitive,  non-competitive,  uncompetitive,  mixed,  or  lack  of 
inhibition  pattorn; 

17)  construct  and  examine  brevetoxin  photoaffinity  labols  for 
displacing  ability  in  the  rat  system. 

For  purposes  of  this  narrative  summary  of  the  work  performed,  each 
task  enumerated  above  will  be  treated  under  separate  headings. 


III.  Summary  of  RosuLts  Generated 

A.  Synaptosoac  Preparation 

Excitable  tissue  preparations  were  obtained  fresh  daily  from  live 
animals  using  the  techniques  doscribod  by  Dodd  at  a! .  (1)-  Frozen 
synaptosomes  (-80°C)  were  useful  when  a  largo  series  of  experiments  was 
to  be  performed;  synaptosomes  from  several  animals  could  bo  pooLod  to 
provide  a  reasonable  tissue  correlation  for  several  days  experiments. 
Non-specific  binding  was  higher  in  these  preparations,  howovor. 
Protein  was  measured  on  each  synaptosorae  preparation  using  the  Bradford 
technique  (2). 

Synaptosomes  from  rats,  turtles,  or  fish  are  prepared  in 
approximately  the  same  manner  with  minor  exceptions.  Turtle 
synaptosomes  are  slightly  mere  donse  than  are  rat  synaptosomes,  and  are 
collected  «t  a  0.32M/1.2  M  sucrose  interface  following 
ulcracentrifugation.  Fish  synaptosomes  require  the  addition  of  370  raM 
sucrose  during  ultracentrifug!,f ion  and  during  experiments  to  maintain 
iso- isomolarity  with  fish  serum.  In  contrast  to  turtle  and  rat 
synaptosomes,  fish  synaptosomes  <lo  not  demonstrate  specific  binding 
beyond  tho  during  purification. 

B.  Measurement  of  Labeled  Toxin  Binding 

~  1.  Tritiated  _Toxin_Synthesis .  Tritiated  sodium  borohydrido. 
NaB^H,,  is  available  at  specific  activities  approaching  80  Ci/mmole. 
Reduction  of  the  o,/2-unsaturatod  aldehyde  function  in  PbTx*i  or  PbTx-2 
results  in  PbTx-7  and  PbTx*3,  respectively,  with  specific  activities 


6 


25X  that  of  the  reducing  reagent  (ca.  20  Ci/mmole).  a  reduction  of  the 
a-mathylene  in  either  Pbtx«?  or  PbTx-3  results  in  toxins  with  specific 
activities  twice  that  of  the  primary  reduction  toxins  (ca.  AO 
Ci/mmol  q) . 

2.  Binding  Assays.  Binding  of  tritiated  PbTx«3  was  measured 
using  a  rapid  centrifugation  technique.  All  binding  experiments  were 
conducted  in  a  binding  medium  consisting  of  50  mM  HEPES  (pH  7.4),  130 
uiM  choline  chloride,  5.5  iaM  glucose.  0.8  mM  magnesium  sulfate,  5.4  mM 
potassium  chloride,  L  mg/mL  bovine  serum  albumin,  and  0.01X  Emulphor  EL- 
620  as  an  emulsifier  (3).  In  addition,  370  mM  sucrose  was  added  to 
fish  synaptosorae  experiments  to  maintain  iso-osmolarity  (4). 

Synaptosomes,  suspended  in  0.1  raL  of  binding  medium  minus  BSA, 
were  added  to  a  reaction  mixture  containing  rH]  PbTx*3  and  other 
effectors  in  0.9  mL  of  binding  medium  in  1.5  mL  polypropylene  microfuge 
tubes.  After  mixing  and  Inoubating  at  the  desired  temperatures  for  l 
hr,  samples  were  centrifuged  at  15,000  x  g  for  2  min.  Supernatant 
solutions  were  sampled  for  the  measurement  of  freo  <*oxtn 
concentrations,  and  the  remainder  was  aspirated  in  each  case.  Pelleted 
synaptosomes  were  rapidly  washed  with  4  drops  of  a  wash  medium 
consisting  of  5  mM  HEPES  (pH  7.4),  163  mM  choline  chloride,  1.8  mM 
calcium  chloride,  0.8  mM  magnesium  sulfate,  and  1  mg/mL  BSA.  Pellets 
were  transferred  to  liquid  scintillation  vials  containing  3  mL  of 
liquid  scintillant,  and  the  bound  radioactivity  was  measured  using 
liquid  scintillation  techniques.  Nonspecific  binding  was  measured  in 
the  presence  of  a  saturating  concentration  of  unlabeled  PbTx-3  and  wa3 
subtracted  from  total  binding  to  yield  specific  binding.  Dissociation 
constants  and  binding  maxima  are  summarized  in  Table  I. 

Table  I.  Comparison  of  Dissociation  Constant  (K,)  and  Binding 
Maximum  (B  )  in  Fish,  Turtles,  and  Rats* 

ID  ELX 


Species 

K. 

(ntt) 

D 

(pMol/mgra?^oteln) 

Temp.  Optimum 

(  c) 

Specific  Binding 

at  K. 
a 

Fish 

6.i 

1.40 

23 

SOX 

Turtle 

1.5 

2.25 

4 

SOX 

Rat 

2.6 

6.80 

4 

OOX 

*raoan  values  for  K,  and  B  ,  n-9,4,6  for  fish,  turtles,  and  rats 

.  .  «  a  max 

respectively. 


A  preliminary  comparison  of  specific  binding  of  tritiated  PbTx-3, 
ibTx-7,  PbTx-9,  and  PbTx-10  indicates  an  equivalent  B  and  a 
progression  of  K,  values  which  parallel  the  relative  potencies  of  the 
labeled  brevotoxrns .  This  is  a  further  indication  to  us  that  binding 
affinity  is  the  conservative  requirement  it\  the  potency  of  the 
brevetoxins  (Table  II),  and  further,  that  we  may  be  able  to  utilize  the 
toxins  which  are  of  highor  spocific  activity  for  more  detailed  receptor 
characterization  (5). 
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Table  II.  Comparison  of  K,  and  B  for  Four  Different  Tritiated 

Br6votoxina^robaa 


Toxin 

<n$> 

Bmfi  . 

(pmoies/mg  protein) 

PbTx-3 

2,13 

6.99 

PbTx-9 

8.76 

6.75 

PbTx-7 

1.91 

6.38 

PbTx-10 

1.56 

6.46 

C.  On-  and  Off-  Ratos,  Reversibility  of  binding,  and  binding  under 

Depolarizing  Conditions 

Our  evidence  Indicates  that,  at  a  concentration  of  tritiated 
PbTx-3,  the  t.  *  for  on-  and  off -rates  approximate  1-2  minutes.  A. 
closer  approxlmafion  cannot  be  derived  utilizing  present  protocols. 
There  Is  no  membrane  potential  dependence  of  brevotoxin  binding  to  the 
high  affinity,  low  capacity  binding  site  known  na  Sito  5.  K.^  2.6 
(intact),  2.9  (lysed),  3.3  (depolarized)  and  B  »  6.01  (Intact),  3.83 
(lysed)  and  5.75  pooles/mg  protein  ( depolarized  ra(6 > . 


r  the  organism  used  for  synaptosomal  preparations,  it 
us  that  the  topographic  characteristics  of  thv 


D.  Degree  of  Displacement  of  Labeled  PbTx-3  by  Other  Naturally- 
Occurring  and  Synthetic  Brevetoxin  Derivatives 
Regardless  o 
is  apparent  to 

brevetoxin  binding  site  on  the  VSSC  are  comparable.  Using  brovetoxins 
PbTx-1,  -2,  and  -3,  ICcq  data  for  spocific  displacement  of  tritiated 
PbTx-3  shows  comparable^  data  in  each  case  (Table  III),  The  more 
hydrophobic  type-2  brovetoxins  are  most  efficacious  in  thoir  ability  to 
compote  for  site  5  binding  (7).  It  is  of  interost  to  note  that 
ciguatoxin  is  thought  to  resemble  brevetoxin-A. 


Table  III.  Specific  Displacement  of  [  II}  PbTx-3  from  Synaptosome 


Binding  by  Unlabeled  Brovetoxins,  Comparison  with  LD 


50 


Corope  1 1 . .  ir 

Toxin  Concentration  (nM) 


Toxin 

Turtle 

ac50) 

Fish  <2) 
<IC50> 

Rat  <3) 

(ic50) 

Fish 

lU,50 

PbTx-i 

3.0 

30 

3.5 

4.4 

PbTx-2 

10.3 

70 

17.0 

21.8 

PbTx-3 

15.0 

no 

12.0 

10.9 

PbTx-5 

.... 

-  *  - 

13.0 

42.5 

PbTx-6 

*  -  -  - 

— 

32.0 

35.0 

PbTx-7 

*•**•■» 

•  -  - 

4.1 

4.9 

Tritiated 

toxin  concentrations  were  (1), 

,  (3)  10. 0. and 

(21  12.0  nM. 
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Inhibition  constants  have  bean  determined  In  each  of  the  cases 
indicated  In  Table  IV  above  by  utilising  the  concentration  of 
triciatcd  PbTx-3,  and  the  following  equation: 

Kr  IC50/(l+C/Kd), 

where  K,  -  the  Inhibition  constant.  IC.q  «  the  5QX  inhibition 
concentration  of  the  competitor,  O  tritiat*flUPbTx-3  concentration,  and 
is  the  dissociation  constant  of  tho  lab  (Table  IV). 

Table  IV.  Inhibition  Constants  for  Derivative  Bravatoxina 
Dovivod  from  the  Chong- Prusoff*  Equation 


Toxin 

Turtle 

K.  (nM) 

Fish 

Rat 

PbTx-1 

0.39 

10.10 

0.72 

PbTx-2 

1,34 

23.5? 

3.51 

PbTx-3 

1.96 

37,04 

2.47 

PbTx-5 

- ... 

.... 

2.68 

PbTx-6 

■  m  m  * 

6.60 

PbTx-7 

•  •  •  • 

-  -  -  - 

0.83 

*3oe  diacutsaion  under  heading  P.  of  this  roport.  K,  derived  in  this 
manner  require  pure  competitive  inhibition  for  validity. 

K  Inhibition  of  Brovotoxin  Binding  by  Natural  Sice  1-4  Toxins 

There  was  no  difference  in  brovotoxin  binding  in  tho  presence  of 
Site  l  (totrodotoxin  or  saxitoxin),  Site  2  (veratridine  or 

batrachotoxin) ,  Sire  3  or  4  (the  scorpion  toxins)  (3).  Thus,  the  Site 

1*4  natural  toxins  are  classified  ns  not  competing  with  Site  5,  the 
brovotoxin  binding  sice.  However,  tho  two  structural  backbones  of 
brovotoxin  oppoar  to  differentiate  botweon  a  high  affinity,  low 

capacity- • -and  a  lower  affinity,  high  capacity  binding  site.  It  is 
this  latter  site,  we  believe,  that  has  been  often  implicated  in 

allosteric  modulation  in  sodium  channel  binding  by  natural  toxins. 

F.  Delineation  of  Two  Drevetoxin  Binding  Sites 

During  the  contract  period,  we  have  become  increasing  unsettled 
with  respect  to  two  apparently  contradictory  sots  of  information. 
First,  the  brevetoxins  bind  with  an  affinity  constant  which  is 
consistently  in  the  1-5  iiM  concentration  range,  in  good  agreement  with 
affinity  data  for  other  potent  marine  toxins  iike  saxitoxin  (8).  In 
addition,  tho  binding  maximum  in  synaptosomos  is  also  in  good  agreement 
with  data  for  Site  I  toxins,  which  are  known  to  bind  to  channels  with  a 
1:1  stoiclometry .  However,  tho  allosteric  modulation  of  sodium  channel 
binding  by  ocher  natural  toxins  by  brevetoxins  occurs  at  brovotoxin 
concentrations  much  higher,  ca.  20*100  nM  (9).  This  data  is 
inconsistent  with  high  affinity,  low  capacity  binding  (10). 

Converse  to  this  allostoric  modulation  which  occurs  at  higher 
brevetojf^n  concentrations,  i.s  the  finding  rhar  membrane  depolarization 
(il).  ”Na  (3)  infl*"*  and  competitive  displacement  of  triciatcd 
brevotoxin  binding  by  unlaboled  competitors,  is  dose  dependent  in  the 


same  concentration  ranges  observed  for  the  high  affinity  binding  site 
(7).  Thus,  cha  allosteric  modulation  at  other  sodium  channel  binding 
altos  appears  to  arise  from  brevatoxin  interaction  with  a  lower 
affinity,  high  aapaoity  binding  aita. 

Using  classical  Rosenthal  analysis,  we  have  been  able  to 

distinguish  two  separata  specific  brovatoxm  sites  (Table  V). 

Tablo  V.  Tho  Two  Brevatoxin  Binding  Sites 


Site 


B 


max 


Allosteric 

Modulator 


5  2, 6-3. 3  S.7-6.8  No 

*  79.1-300.  O'*  /-180  Yes 


*not  numbered  until  further  work  can  bo  accomplished. 

Tho  two  site  hypothesis  is  supported  by  brevatoxin  inhibition 
constant  data  and  double  reciprocal  comatition  plots,  which  indicate  a 
deviation  from  competitive  type  patterns  to  non-competitive  type 
patterns  at  higher  competitor  brevatoxin  concentrations.  Tho  non¬ 
competitive  displacement  appears  to  be  specific  in  nature,  and  is  not 
likely  duo  to  changes  in  membrane  fluidity.  But.  certainly  more 
investigation  is  required  before  concrete  conclusions  can  be  offered. 

G.  Photoaffinity  Probo  Synthesis  and  Specific  Displacement 
Experiments 

we  have  succeeded  in  producing  two  photoaffinity  probes  which  can 
bo  covalently  attached  to  texin  PbTx-3.  Those  two  compounds  nro:  PbTx- 
3-^-ffiidobonzoyl  eater  and  PbTx-3-fi-hydroxyphenyl -3-j2-azidophenyl 
pvopionyl  ethylene  dlamino  monoamido.  Tho  former  compound  should  bo 
amenable  to  tritiation  of  the  PbTx-3  moiety  prior  to  coupling:  the 
latter  compound  is  amenable  to  pro-tritium  labeling  of  the  toxin  moiety 
or  post -radioactive  iodine  labeling  in  tho  ring  of  tho  photoaffinity 
portion  of  tho  couplod  probo.  Both  compounds  possess  inhibition 
constants  for  displacraont  of  tritium  Inbf  ed  PbTx-3  from  Its  specific 
binding  site  in  rat  brain  synaptosoroes  of  3.09  and  10.3  nM. 
respectively.  Thus,  we  conclude  they  bind  to  Site  5  with  sufficient 
affinity  to  be  of  use  to  us  in  identifying  the  brevatoxin  binding 
componont . 

In  tho  latter  case,  wo  beliovo  wo  havo  produced  a  toxin  derivative 
with  solubility  characteristics  close  to  unaltered  PbTx-3,  and  honco 
will  be  of  greater  use  in  identifying  the  binding  component  In  intact 
synaptoaomes .  A  minor  problem  was  encountered  in  producing  high  yield 
products  from  the  toxin  coupling  to  affinity  probe,  however,  in 
subsequent  experiments.  This  was  solved  by  protecting  tho  phenolic 
group  on  the  photoaffinity  portion  of  the  molecule  to  prevent  self- 
condensation  (the  coupling  function  on  the  toxin  PbTx-3  bolng  an 
alcohol,  also).  Protecting  with  a  cyclohexyl  functionality,  with 
subsequent  cleavage  after  brovetoxin  condensation,  appears  to  provide 
tho  solution.  Those  reactions  are  currently  boing  evaluated,  and 
products  are  being  spectroscopically  anaylyzed  by  FT- JR  to  provide  tho 
evidence  for  structure  integrity  and  indontity. 
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II.  Solubilization  of  tho  Brovetoxin  Binding  Site 

1.  Solubilization.  For  purposes  of  Site  5  purification  from  rat 
brain  sym  oaoaos,  It  was  noceoeary  co  solubilize  the  membrane  bound 
protein  w,  detergent.  Frozen  synaptosomes  in  5  ®L  synaptoeomo  binding 
medium  (15) (-80  C)  from  a  singlo  rat  brain  were  thawed  and  centrifuged 
at  130,000  x  g  for  35  minutes.  Tho  pollot  was  resuspended  In  2.5  mL  of 
a  solubilization  mediums  consisting  of:  100  mM  choline  chloride.  20  raM 
HEFES  (pU  7. A),  0.03X  egg  phosphatidyl  choline,  0.1  mH  PMSF,  l  mM 
iodoacetaoide,  0,001  mH  pepstotln  A,  and  1  mM  Q-phenanthrollno .Over  a 
period  of  20  minutes,  0.25  mL  aliquots  of  AX  Triton  X-100  wore  added 
until  2.3  roL  total  detergent  had  boon  added.  The  resulting  suspension 
containing  solubilized  membrane  components  was  centrifuged  at  150,000  x 
g  for  A0  minutes,  and  the  supernatant  solution  wa?  saved.  A  portion 
was  examined  for  specific  binding  activity  using  tritiated  PbTx-3.  To 
tho  remainder  of  the  supernatant  solution  was  added  LOmM  final 
concentration  of  calcium  chlorLde. 

2 .  Column  Chromatography.  Sephacryl  S-300  was  packed  in  a  1  cm  x 
37  cm  column  and  was  washed  with  two  bed  volumes  of  mobile  phase 
consisting  of:  0.1X  Triton  X-100,  0.02X  egg  phosphatidyl  choline.  30  mM 
choline  chloride,  10  mM  HRPES,  10  mM  calcium  chloride,  0.02X  sodium 
azide,  and  the  protease  Inhibitors  at  concentrations  used  for 
solubilization.  The  flow  rate  was  adjusted  to  2  psl,  and  the  column 
was  standardized.  Solubilized  synaptosomes  were  loaded  on  the  column 
and  fractions  were  collected  from  void  volume  to  total  volume. 
Bradford  protein  end  specific  brovetoxin  binding  activity  was  assessed 
in  each  fraction  using  the  binding  protocol  established  for  brevotoxln 
radioimmunoassays  (16),  another  solubilized  specific  brevotoxln  binding 
component.  The  fractions  which  bind  tritiated  phTx-3  in  a  specific 
manner  will  bo  pooled  and  subjected  to  purification  by  brevotoxln 
affinity  column  chromatography  using  tho  column  meu.i’ix  described  in  the 
provious  section. 

3.  Status  of  Purification.  Tho  ro suits  of  coupling  reactions 
Indicate  that  we  were  successful  in  coupling  PbTx-3  to  AH  Sepharoso 
AB.  Using  a  small  amount  of  tritiated  PbTx-3  In  the  reaction  mix  as 
tracer,  we  calculate  about  a  25X  efficiency  in  coupling.  Wo  uro 
currently  attempting  to  improve  on  efficiency. 

Preliminary  results  employing  the  aftfnity  column  doal  solely  with 
brovetoxin  specific  antibodies  as  specific  binding  model  system.  The 
results  indicate  that  wo  can  pass  crude  IgG  solutions  through  the 
column,  wash  with  excess  phosphate  buffer  (until  no  protein  Is  detected 
In  eluent)  and  then  simply  strip  brovotoxin-speclf ic  antibodies  from 
the  column  with  3  M  NaCl  solution.  We  feol  the  coupling  is  a  success 
and  that  the  affinity  column  feasibility  has  beon  demonstrated.  We 
hove  successed  in  demonstrating  that  solubilized  membrane  protein  from 
rat  brain  synaptosomes  cun  be  separated  on  Septuicr/l  A-300  oci  vzssns 
(size  fractionation).  Of  the  fractions  collected,  significant 
specific  binding  of  tritiated  brovetoxin  PbTx-3  was  soon  in  fractions 
30-37.  Similarly,  significant  amounts  of  protein  wore  demonstrated  in 
the  same  fractions.  Tho  sire  to  which  this  large  protein  peak 
corresponds  is  in  the  230,000  to  350,000  dalton  molecular  weight 
range.  This  suggests  that  tho  brovetoxin  binding  component  interacts 
with  the  a-subunit  of  voltage-sensitive  sodium  channels  in  rat  bruin 
synaptosouios.  There  is  little  specific  brovetoxin  binding  in  any  other 
smaller  molecular  weight  range,  further  illustrating  chat  brevetoxlns 
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do  not  likely  interact  with  either  of  the  /3-subunits.  This  finding, 
coupled  with  our  already  known  facts  about  specific  brevetoxin  binding 
being  retained  in  solubilized  sodium  channel,  gives  us  an  excellent 
potential  for  isolating  and  identifying  the  brevetoxin  binding 
component  in  excitable  tissues. 

IV.  Conclusions 

The  brevetoxins  bind  to  a  unique  receptor  site  associated  with 
excitable  memoranes.  The  site,  which  possesses  a  of  2. 6-3. 3  nM  and 
a  B  ax  of  5.75-6.0  pmoles/mg  protein,  is  present  in  rat,  fish,  and 
turtHe  brain  synaptosomes.  This  high  affinity,  low  capacity  site,  is 
accompanied  by  a  lower  affinity,  higher  capacity  site  which  is 
currently  under  investigation.  The  high  affinity  site  is  known  as  Site 
5,  and  binds  toxin  with  half -maximal  j^ffinity  and  avidity  at 
concentrations  which  yield  half-maximal  Na  ion  influx  and  half- 
maximal  nerve  membrane  depolarization.  Toxin  binding  at  this  high 
affinity  site  is  membrane -potential  independent  and  does  not  interact 
with  any  of  the  previously  described  sodium  channel  binding  sites. 

The  binding  characteristics  of  the  lower  affinity  site  correlate 
well  with  observed  allosteric  modulation  observed  in  Sites  1-4  of  the 
voltage-sensitive  sodium  channel.  Photoaffinity  probes  incorporating 
brevetoxin  in  a  covalent  form  displace  brevetoxin  from  the  binding  site 
of  high  affinity,  underscoring  their  potential  as  specific  probes  for 
purification  of  the  site.  Both  size  chromatography  and  brevetoxin- 
affinity  chromatography,  following  solubilization  of  the  site  from 
membranes  holds  promise  for  isolation,  purification,  and 
characterization  of  the  specific  site.  The  Scope  of  Work  outlined  in 
the  original  contract  has  been  completed. 
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